Summary. The infusion of thyrocalcitonin (TCT) into thyroparathyroidectomized rats, given either no exogenous parathyroid hormone or a constant infusion of this hormone, leads to a transient phosphaturia and a decreased excretion of urinary magnesium, calcium, and hydroxyproline without a change in glomerular filtration rate. The changes in phosphate excretion may be due to a direct effect of the hormone upon renal tubular function or they may be a consequence of the fall in plasma calcium brought about by the action of TCT upon bone. In support of this latter alternative is the fact that the infusion of sodium ethylenebis-oxyethylenenitrilotetraacetic acid (EGTA, a specific chelator of calcium) also leads to phosphaturia presumably as a consequence of hypocalcemia. However, EGTA infusion leads to enhanced urinary hydroxyproline excretion and sustained phosphaturia. These latter observations are interpreted to mean that alterations in the local ionic environment of osteolytic cells lead to changes in their activity and constitute a local regulatory system whose activity is modulated by the hormones, thyrocalcitonin and parathyroid hormone.
Introduction
Since the identification (1-4) and purification (5) of thyrocalcitonin, a number of studies have been undertaken in an effort to define its site of action. Most of these have indicated that a major site of action is upon bone (3, 4, (6) (7) (8) , either to enhance mineral deposition or to suppress bone resorption. Either effect could presumably account for the fact that this hormone lowers the concentration of both calcium and phosphate in the plasma (3) . However, none of these studies has ruled out the possibility that there are other sites of action within the organism.
The purpose of this report is to describe effects of TCT upon the renal excretion of electrolytes in thyroparathyroidectomized rats. The results indicate that thyrocalcitonin alters the excretion of several electrolytes, but it is not clear whether these changes represent a direct effect of TCT upon renal function or are mediated by hormonally induced changes in plasma electrolytes.
Methods
Male Holtzman rats, weighing 90 to 100 g, were given 100 U of vitamin D2 by oral intubation and then maintained on a stock diet containing adequate quantities of this vitamin. When they reached 120 to 140 g, they were thyroparathyroidectomized by surgery. Immediately afterward, the perfusion of a standard solution, with or without parathyroid hormone (PTH), was begun at a rate of 3.0 to 3.5 ml per hour. The preparation of the animal, method of obtaining blood samples, analytic procedures, and perfusion technique were carried out as previously described (9) . All animals were perfused with a solution containing 4% dextrose, 5 mM calcium, 5 mM magnesium, 20 mM sodium, and 2.5 mM potassium, all as their chloride salts. Parathyroid hormone (1 /Ag per 3 ml) was added in some cases. The perfusion was sustained for 17 to 20 hours before urine collections were begun. Collections were made during a control period of several hours before TCT was added to the perfusate (40 ug per 3 ml) and infused for a period of 4 hours, after which the control infusion was continued for several more hours. Urine samples were collected at half-hour intervals. Blood samples were obtained during the control period, at the midpoint of the TCT perfusion, and at the end of the study. Other animals received no TCT but were perfused with a solution in which sodium chloride was replaced by sodium EGTA. The EGTA was perfused at a rate of 60 Amoles per hour. Determination of the plasma calcium in animals receiving EGTA was done by an ethylenediaminetetraiicefic acid (EDTA) titration method (10) . Urinary creatinine excretion was followed as a measure of glomerular filtration rate. Creatinine was measured by the method of Bonsnes and Taussky (11) . In some instances inulin excretion was measured in animals maintained on a constant infusion of inulin (9, 12) . Urinary hydroxyproline was measured by the method of Prockop and Udenfriend (13).
Results
As discussed in a previous paper (9) , the rates of urine flow were from 0.05 to 0.15 ml per hour less than the measured rates of perfusate infusion in all animals. However, there was no significant fluid retention. The animals usually weighed 3 to 4 g less after a 50-hour experiment than before surgery. We concluded that the discrepancy between urine flow and infusion rate was due to insensible water loss, difficulties in maintaining constant rates of infusion, and possibly slight evaporation from the urine samples as they stood in the fraction collector.
As noted previously (9) , there were always sodium retention and potassium loss during the period of control infusion. In thyroparathyroidectomized animals not receiving a constant infusion of PTH, calcium was retained at a rate of 11 + 3 psmoles per hour, and in those receiving PTH, 6 2 Mmoles per hour. The animals not receiving PTH were in magnesium balance, and those receiving PTH were in negative balance, excretion exceeding intake by 2 to 4 umoles per hour.
As shown in Table I , the infusion of either TCT or EGTA led to little change in creatinine excretion. Because of the difficulties in obtaining large plasma samples, plasma creatinine was not measured, but was assumed to be constant and the rate of creatinine excretion was assumed to Figure 1 . The results are the mean rates of excretion of phosphate, calcium, magnesium, and sodium before, during, and after TCT infusion into four thyroparathyroidectomized rats receiving no parathyroid hormone (left) and four animals maintained on a constant infusion of parathyroid hormone, 1 ug per hour (right). Potassium excretion was also measured, but since there was no consistent change in the rates of its excretion, the data were not plotted. Also shown in Figure 1 are the plasma calcium and phosphate values before, during, and after TCT infusion into the two groups of animals. A statistical evaluation of the urinary data is recorded in Table II and of the plasma data in Table III. The results indicate that TCT infusion leads to a rise in phosphate excretion and a fall in both calcium and magnesium excretion in thyroparathyroidectomized rats. These changes were considerably greater in animals maintained on a constant infusion of parathyroid hormone and were accompanied by a significant sodium diuresis in this group. TCT infusion led to a significant fall in both plasma phosphate and plasma calcium ( Figure 1 and Table III ). The changes in plasma phosphate were more marked in the group receiving a constant infusion of PTH. In this group the plasma calcium and phosphate returned to control values after TCT infusion had been stopped. However, in the group not given parathyroid hormone, plasma calcium remained low after cessation of TCT infusion even though plasma phosphate returned to control values (Table III) . This persistently low plasma calcium was accompanied by a persistent reduction in rate of urinary excretion ( Figure 1) . A most important feature of the TCT-induced phosphaturia was the fact that it was not sustained. The rates of urinary phosphate excretion returned to control values even during the continued infusion of TCT ( Figure 1) . Similarly, the rate of magnesium excretion, in the animals given a constant infusion of PTH (Figure 1 , right), returned to nearly the control rate during the later hours of TCT infusion.
The rates of urinary hydroxyproline excretion were measured before and during TCT infusion in three animals maintained on a constant infusion of parathyroid hormone. The rate of excretion was 0.42 + 0.04 pg per minute during the control period, and this fell to 0.15 + 0.05 jug per minute during the first hour of TCT infusion. A similar fall in hydroxyproline excretion has been reported by Kohler and Pechet (14) .
Two interpretations of the above data seem possible. Either TCT has a direct effect upon renal tubular function; or the fall in plasma calcium, which this hormone produces by its action upon bone, leads to an alteration in renal tubular function, resulting in phosphaturia.
The first of these alternatives can best be tested by the direct infusion of TCT into the renal artery. However, this was not possible with the plresent experiments in small animals.
The other possibility could be tested by determining the effect of a fall in plasma calcium, produced by some other means, upon urinary electrolyte excretion. The agent chosen to induce hypocalcemia was EGTA, which is a highly specific chelator of calcium. The effect of EGTA infusion upon the excretion of phosphate, calcium, and hydroxyproline in the urine, and the concentration of calcium and phosphate in the plasma, of four thyroparathyroidectomized animals maintained on a constant infusion of PTH is shown in Figure 2 . EGTA infusion led to a fall in plasma calcium, a fall in plasma phosphate, a rise in urinary phosphate excretion, and a significant increase in rate of urinary hydroxyproline excretion. In contrast to the situation with TCT (Figure 1 ), EGTA-induced phosphaturia was sustained throughout the period of infusion and continued for a time after cessation of EGTA infusion. The changes in both plasma calcium and phosphate, induced by EGTA, were highly significant (Table III) , and both returned to control values after EGTA infusion had been terminated.
To test whether EGTA might be acting by some mechanism other than that of chelating calcium, we infused this substance into three animals as its calcium rather than its sodium salt. Table  IV . When TCT was infused, the loss of phosphate from the ECF was of the same order of magnitude as that appearing in the urine. However, when EGTA was infused, urinary phosphate excretion far exceeded the loss of phosphate from the ECF.
Discussion
The present results indicate that thyrocalcitonin infusion leads to phosphaturia under conditions where there is no change in the rate of parathyroid hormone secretion or in glomerular filtration rate. However, our results do not establish whether this is a direct effect of TCT upon the renal tubule or is brought about as a consequence of the action of TCT upon bone. However, the studies with EGTA and Ca-EGTA infusions indicate that a fall in plasma calcium induced by EGTA can lead to an increased rate of urinary phosphate excretion (Figure 2) . A similar result has been reported by Lavender and Pullman (15) and by Estep and co-workers (16) . They have found that the infusion of calcium directly into the renal artery of the dog leads to phosphate retention, and the infusion of EDTA, a chelating agent similar to EGTA, leads to phosphate diuresis. In the present experiments the results obtained with Ca-EGTA infusion rule out the likelihood that this effect is exerted via the chelation of other cations. This being the case, it could be argued that the sequence of events after TCT infusion (Figure 1 ) is as follows: 1) An inhibition of bone resorption leads to a fall in plasma calcium and in urinary calcium and hyproxyproline; 2) the fall in plasma calcium leads to an increase in phosphate excretion; and 3) this phosphaturia is not sustained because TCT prevents the mobilization of phosphate from bone.
An important difference between the response of the rat to TCT as compared to EGTA is the lack of a sustained phosphaturia with EGTA. The most likely explanation for this difference is that TCT prevents the mobilization of further phosphate from bone. Hence, when urinary phosphate excretion increases, plasma phosphate falls, and in spite of altered tubular phosphate transport, the decrease in filtered load leads to a decline in phosphate excretion. This interpretation is borne out by the fact (Table IV) that the amount of phosphate appearing in the urine was the same order of magnitude as that which disappeared from the EC'F. This interpretation is also supported by the fact (14) that TCT depresses the rate of hydroxyproline excretion, which, under this circumstance, is probably a measure of the rate of bone resorption (14, 17) .
Of particular note are the changes in phosphate and hydroxyproline excretion produced by EGTA infusion (Figure 2 and Table IV ). The excretion of both increases significantly (p < 0.001) after EGTA infusion, and the amount of phosphate appearing in the urine is nearly ten times the amount disappearing from the extracellular fluids. Similarly, total calcium excretion is con-siderably greater than that disappearing from the ECF. These changes indicate that the infusion of EGTA into a thyroparathyroidectomized rat maintained on a constant infusion of parathyroid hormone leads to the mobilization of bone, both mineral and matrix.
It has been known for some time that the infusion of chelating agents into parathyroidectomized animals leads to a mobilization of calcium from bone (18) . McLean and Urist (19) , and more recently Bronner and Aubert (20) , have proposed models to account for this phenomenon. Both models suggest that the equilibrium between blood and bone, in the absence of parathyroid hormone, is maintained by a different type of control mechanism from that which operates when the parathyroid glands are present. Furthermore, neither the previous experiments nor the previous models considered the fate of phosphate or bone matrix, and both assumed that in the absence of parathyroid hormone the calcium that was mobilized came from the so-called exchangeable pool of bone mineral. The present evidence from EGTA infusions indicates that a lowering of plasma calcium leads to a complex series of changes both in the renal tubule and in the bone. In the former, the fall in plasma calcium leads to phosphaturia, and in the latter the fall in plasma calcium or phosphate or both leads to a mobilization of calcium, phosphate, and hydroxyproline, i.e., presumably to an increase in bone resorption with destruction of matrix, rather than, as previously thought, a shift of mineral from the exchangeable bone mineral. The present proposal is more in keeping with the original concept of Albright and Reifenstein (21) that an increase in renal phosphate excretion leads to a fall in plasma phosphate, which leads in turn to an increase in bone resorption. This theory was discarded by many when Barnicot (22) and others showed that parathyroid hormone has a direct effect upon bone resorption. The model of bone resorption that we propose on the basis of past data and the present experiments incorporates the Albright theory, but differs in a fundamental way from those proposed by McLean and Urist (19) and by Bronner and Aubert (20) . The rate of bone resorption depends upon two elements: 1) a local feedback system in which the ionic environment controls the activity of the osteolytic cells; and 2) systemic modifiers, PTH, TCT, and vitamin D predominantly, which alter the setting or plasma electrolyte concentration about which the local system operates. Thus the system is formally analogous to multienzyme systems in which the end product, in this case an ion rather than a chemical product, regulates the activity of the entire system by negative feedback control.
At present, it is not possible to decide whether the initial fall in plasma calcium or the subsequent fall in plasma phosphate (due to the phosphaturia) is the important local feedback signal. These alternatives are being investigated. The scant evidence available suggests that phosphate may be the important control chemical (23, 24) . If this is so, it will provide a rational basis for the therapeutic effectiveness of inorganic phosphate in osteolytic disorders (25) .
It is also apparent from the present data that the local ionic environment controls the renal tubular transport of phosphate (Figure 2) . A fall in calcium concentration leads to a rise in urinary phosphate excretion, and probably to a rise in intracellular phosphate concentration. A better understanding of these local control mechanisms, at the level of both bone and renal tubule, is obviously important to our eventual understanding of the mode of action of TCT and PTH.
Robinson, Martin, and MacIntyre (26) have recently reported that TCT infusion leads to phosphaturia in parathyroidectomized rats. They concluded that this change in phosphate excretion is brought about by a direct effect of TCT upon the renal tubule. However, their conclusion was based on indirect evidence, and their data do not rule out the alternative explanation suggested by the present study.
